Research techniques that have greatly advanced agronomic science in the 20th century, and have enhanced our knowledge of cause and effect, have been accompanied by reductionism. As a result, much valuable research has been accomplished, but less synthesis of results has occurred that provides answers to landscape-level research questions. We propose that a systems approach to the study of soil and crop management problems is a useful technique that tests our present research knowledge in a way that answers practical agricultural problems and simultaneously identifies gaps in basic research knowledge. We have used a problem common to the Great Plains to demonstrate the systems approach: minimizing the soil-and environment-degrading practice of summer fallowing and simultaneously increasing farm profitability. Although much is known about summer fallow at specific locations, less is known about extrapolating this knowledge across soil and climatic gradients. We show that intensified crop sequences under no-till techniques can replace summer fallow in many environments, and increase the productivity per unit of water received. Simultaneous reductions in the damaging factors of summer fallowing, in particular soil erosion and organic matter losses, also have occurred. We are researching the problem at a landscape level without losing the ability to detect causae and effect, and are able to simultaneously conduct basic research on soil nutrient cycling and water budgets. The approach also is being used effectively as an adult educational tool, thereby facilitating the transfer of technology from the researcher to the producer.
M ODERN AGRONOMIC RESEARCH had its beginnings
in the 19th century on a nonreplicated, system basis. Combinations of crop rotation, liming, manuring, and inorganic fertilizers were experimental treatments planned to answer farmer questions of the time. Experiments at Rothamsted, England, initiated by the gentleman farmer-agronomist Lawes, compared farmyard manure with several combinations of inorganic fertilizers in large, nonreplicated plots (Rothamsted Experimental Station, 1984) . The Morrow Plots in Illinois and Sanborn Field in Missouri are examples of the same approach in the USA. Treatments in these experiments are particular management systems.
Two primary deficiencies existed in this approach: (i) the inability to distinguish between biological variability and real differences due to treatments; and (ii) the inability to determine why and how the observed responses were obtained. The advent of modern biometrics by Fisher (1925) opened new avenues of study for agronomists. Awareness of biological variability and methods to quantify variability were developed. Factorial treatment arrangements and analysis of variance techniques allowed the study of specific questions and a better understanding of cause and effect. This was the beginning of small plot research. The large, nonreplicated, rotation experiments began to be abandoned around the world. Few of the old unreplicated system experiments remained in the USA by 1955. "Why" and "how" began to be studied in more sophisticated experiments, allowing rapid advances in our understanding. But with these valuable advances, came the problem of reductionism. Studying one or two variables at a time with all others held constant was an obvious necessity to determine cause and effect. However, this led to more narrowly based experiments, less linkage between experiments, and little emphasis on understanding agricultural systems. Furthermore, our knowledge base began expanding at a rate that no one agronomist could grasp. Thus the gains in more specific information were accompanied by (i) decreased breadth of research by individual scientists, and (ii) fewer opportunities to identify knowledge gaps, thereby preventing data synthesis from the specialized research projects back to a system level.
Proposed Approach to Soil and Crop Management Research
The problem continues to increase as we approach the 21st century because of an even more rapidly expanding knowledge base. How can we synthesize information into an understanding of the overall, larger systems-level issues? Weiss and Robb (1988) proposed that a systems approach is necessary to synthesize our scientific knowledge in a manner that will improve the application of results in the real world. Elliott and Cole (1989) described a research approach that integrates information from process and field studies through use of simulation modeling and geographic information systems. They highlighted the need for understanding the numerous interactions and feedbacks that will vary as climate and management change. It was their opinion that the goals of ecologists and agricultural scientists are converging within agroecosysterri science. They proposed development of an agroecosystem model that will be useful for assessing the overall impact of management and climate change on ecosystem productivity and sustainability. As is shown in Fig. 1 , many factors are involved in an agroecosystem management model that has regional prediction capability. These factors range from processlevel to geographic-level information, with economics being the major modifier. Verification of the resultant agroecosystem model over a network of sites is critical to the development of an accurate and practical model. Few such network sites exist to date, which limits our capacity to accomplish the vital step of verifying process-oriented models developed from controlled experiments.
The purpose of this paper is to describe how we have addressed a landscape-level agroecosystem problem in a network arrangement that allows testing of agroecosystem management models. The impact of Abbreviations: ET, evapotranspiration; WF, wheat-fallow; WC(S)F, wheat-corn(sorghum)-fallow; WC(S)MF, wheatcorn(sorghum)-millet-fallow; OPP, opportunity; G, grass; WUE, water use efficiency. soil and crop management systems and the interaction of these systems with climatic and soil gradients is being studied in a quantitative manner, which incorporates the system feedbacks as diagramed in Fig. 1 . The eventual goal is an accurate, comprehensive agroecosystem management model that is useful for both basic soil productivity research and decision making by farmers. Our research project simultaneously addresses the regional and geographic information areas, allows for process-level studies that are field based, provides a regional site network, and documents economic inputs and outputs. The particular dryland problem and our approach is used as an example of how a systems approach is being used to integrate the results of soil and crop management research for identification of research gaps and solution of practitioners' field problems.
Agroecosystem Research Problem
Our research problem and question are common to the Great Plains Region: How do we minimize the soil-and environment-degrading practice of summer fallowing while ensuring economic stability? Dependence on summer fallowing has increased from 1920 to the present. Yield stability achieved with the summer fallow practice, its main reason for being practiced, has been accompanied by several negative features, three of which threaten the sustainability of agriculture in the Plains. The first, and probably the most important, is the severe soil erosion by both wind and water. Frequent tillage, necessary for weed control during fallow, destroys residue cover and reduces soil aggregate size and stability, thus accelerating erosion by both agents.
The second is the low precipitation use efficiency. Data collected from North Dakota to Texas during the last 40 yr show that usually <25% of the precipitation received during a 14-mo fallow period is stored in the soil (Haas et ah, 1974) . In systems having no residue cover, efficiency drops to <20%. Accelerated evaporation and runoff are the avenues of water loss, and the latter accentuates the erosion potential.
The third is the loss of soil organic C and N. The benchmark publication of Haas et al. (1957) reported N losses of 24 to 60% after 30 to 43 yr of clean cultivation. Organic C losses were slightly larger. Multiple cultivations in the fallow year reduce soil aggregate size, destroy residue, and thus hasten C oxidation and N mineralization. Residue additions to the soil occur only once every 2 yr, so total C returned is also less under fallow, which further hastens soil C loss (Haas et al., 1957) .
Modern research has shown that 40 to 60% of the precipitation received during a 14-mo fallow can be stored if tillage is minimized or eliminated (Fenster and Peterson, 1979; Greb, 1979; Smika and Greb, 1978; Smika and Wicks, 1968) . Smika and Wicks (1968) reported that cropping in 2 out of 3 yr is possible with no-till in contrast to the 1 out of 2 yr conventionally practiced in tilled wheat (Triticum aestivum L. )-fallow.
These same reduced tillage practices provide soil erosion control as a byproduct of surface residue cover. Dickey et al. (1984) reported that no-till systems reduced water erosion by 95% during the fallow period of a wheat-fallow rotation. Increased crop production results from the improved water storage, resulting in more residue cover, which in turn improves erosion control. Increasing residue cover provides a positive feedback to the overall system, increasing production and decreasing erosion.
Soil C and N losses, enhanced by conventional cultivation techniques, can be mitigated by reductions in tillage and leaving crop residue on the soil surface (Lamb et al., 1985) . They reported that no-till practices in a wheat-fallow system resulted in only 3% loss of N, while moldboard-plowed soils lost 19% over a 12-yr period. Elliott (1986) reported that notill practices favorably altered the soil aggregate-size distribution compared with clean tillage fallow. The added water storage increases the opportunity for rotations with more crop time and fewer fallow periods. Increased cropping intensity leads to increased C return to the soil, which results in increased soil organic matter levels (Wood et al., 1991) .
Inadequacies of Current Data Bases to Make Management Decisions
These reports clearly indicate that soil degradation, which began when soils were taken from their native condition and cultivated and has been accentuated by summer fallowing, could be arrested by the use of minimum and no-till practices. Scattered data even indicate that it is possible to reverse the degradation processes and that soils can recover some of the productivity potential that was lost during the past 50 to 75 yr of cultivation.
Unfortunately, few long-term experiments have been conducted where one can evaluate the impact of notill and altered crop rotations on the whole system. Investigation of these water-conserving, soil-improving practices and the possibility for more intensive cropping has been researched on a piecemeal basis. Experimental locations are few and poorly distributed and extension of the results to a higher level of complexity, including climate and soil gradients, has not been accomplished. For example, at Akron, CO, where the precipitation averages 400 rnm/yr, researchers have found that corn (Zea mays L.) could be added to the system in a wheat-corn-fallow rotation with no reduction in wheat yields compared with the traditional wheat-fallow system. However, the question remains: Can results from Akron be extrapolated to other areas? Since there are precipitation and potential evapotranspiration gradients in all directions, this question cannot be answered with the current data base. Furthermore, most experiments have been conducted only at experimental stations on the most productive, level, nonerosive fields, and soils of medium to fine textures. How applicable are present research results on soils of lower or higher productivity potential?
Other 
Needed Data Base and Development
These questions formed the bases for researchable hypotheses and resulted in our overall research objective: to identify dryland crop and soil management systems that will maximize plant water use efficiency and maintain soil productivity, while providing an economically sustainable level of production. Specific objectives are outlined by Peterson et al. (1992) .
The output of this research approach varies depending on one's perspective. For agronomists, it is quantification of relationships between various management practices, identification and characterization of system feedbacks, and discovery of the inadequacies in our present knowledge. The latter will cause readjustment of research objectives to fill the knowledge gaps to allow development of crop and soil management (agroecosystem) conceptual models that can function across a range of soils and environments. For farmers, the end product is a user-friendly management model that allows evaluation of new practices and assesses the risk associated with their adoption. Weiss and Robb (1988) suggested that the combined outcome is the key reason for needing to use the systems approach in modern management experiments.
METHODS
The crop and soil management systems we are studying have four driving variables: (i) climate regime, (ii) soils, (iii) management systems, and (iv) time. The climate regime driver is based on three levels of potential ET, which are three sites in eastern Colorado that represent a gradient in potential ET (Fig.  2) The soil driving variable also has three levels. This variable is related to soil position on the landscape, and is represented by a catenary sequence of three soil types at each site common to its geographic area. Soils also vary in several properties other than degree of slope. All fields chosen had been cultivated, mainly in wheat-fallow or sorghum, for >50 yr and are on privately owned farms. During site selection, the experimental areas were surveyed topographically on a 15.2 by 15.2 m grid. Soil samples were taken at each grid point to a depth of 60 cm in increments of 0 to 10, 10 to 20, 20 to 30, and 30 to 60 cm and analyzed for NaHCO 3 -P, organic C, and soil pH. A topographic map of the Sterling location, Fig. 3,   Fig. 3 . Topographic map of the Sterling (low evapotranspiration) location). is an example of the planned diversity within a site. Three distinct soil types (Table 1 ) are present at each site and are labeled summit, sideslope, and toeslope based on the original survey. All soil and plant measurements were made within these benchmark soil areas for each experimental unit.
Management systems, the third driver, were placed across the soil sequence at each site (Fig. 4) . Systems represent a continuum with increasing cropping intensity and fewer summer fallow periods. Systems are: WF, WC(S)F, WC(S)MF, OPP, and G, all managed with no-till techniques to maximize water storage potential. Grain sorghum replaced corn at Walsh, the site with highest potential ET. Opportunity cropping is a continuous cropping system, but not monoculture, and crop choice depends on the amount of stored soil water at a given time. Perennial grass represents a return to the prairie vegetation and provides the least erosive soil condition and maximum water use system. It also is a benchmark in terms of soil organic matter and structure restorations. A fourth driving variable, time, is present in the sense that the project is planned with a minimum time horizon of 20 yr (five cycles of the 4-yr rotation).
An experimental unit is an individual soil area within a site and within a cropping system. The size of an individual experimental unit varies. All units are 6.1 m wide, but vary in length with the particular site (ranging from 185 to 305 m) to cover the soil catena. Benchmark soil areas vary in size from site to site and even within sites. The experimental design is a split block that includes climatic environment (low ET, medium ET, high ET), slope position (summit, sideslope, toeslope), and cropping systems (WF, WCF, and WCMF) variables. All phases of each rotation are present in each of the two replications each year. Locations are the highest level in the split-block arrangement. Each location was divided into two blocks (replicates). Slope position is the second level in the split block, although this variable cannot be randomly assigned. Each phase of each cropping system was randomly assigned within each block and extended over the catenary sequence of soils. Figure 4 shows the schematic layout, but does not show each block and phase of each rotation as is actually done in the field. Analyses of variance were performed using SAS (SAS Institute, 1991) , for testing for all main effects and their interactions. The LSD was used for mean separations using the appropriate error terms. When interactions were significant, LSDs for interaction means were calculated.
Having all phases of each system present every year is vital to proper data interpretation. All systems can be compared even on an annual basis because all crops in a given system are annually present and have been affected by that year's particular environmental conditions. This point allows one to compare systems even when all rotation cycles have not been completed the same number of times.
All systems are managed with no-till techniques. Herbicides are chosen to permit crop sequencing with no herbicide carryover problems. Herbicide programs are summarized and reported annually (Peterson et al., 1992) , and are continually updated to use new, less expensive, and more environmentally benign products.
Fertilizer N was applied to each experimental unit according to soil tests obtained from each benchmark soil within each rotation and specific for the crop present in a given year. Soil profiles were sampled in 30-cm depth increments to 180 cm or a restrictive layer, and the samples analyzed for NO 3 and NH 4 . The NO 3 data were used to determine the amount of fertilizer N required based on the crop yield goal for a particular soil position. The N fertilizer source, urea-NH 4 NO 3 solution (32-0-0), was applied at planting with a dribble method directly behind the planter. Phosphorus fertilizer was banded as 10-15-0 solution at planting of each crop on one-half of each experimental unit. The P rate was 9.5 kg/ha. System responses are assessed via total plant productivity, water use efficiency, changes in certain soil chemical, physical, and microbiological properties, and economic evaluations. All soil samples, dry matter yields, and residue weights are collected from each experimental unit within each benchmark soil for a given sampling date. Sampling dates vary depending on the system and the phase within a system. The following measurements are made periodically at each site to evaluate and characterize system responses: 1. Climate: An automated weather station measures air temperature, soil temperature at two depths, relative humidity, precipitation, total solar radiation, wind direction and wind speed. Potential ET is calculated from the above variables. 2. Soil: Measurements include water content at strategic times in each cropping system in each benchmark soil, by use of neutron attenuation; infiltration rate; soil strength by penetrometer; aggregate stability; bulk density; field capacity and wilting point; organic C, total N, NaHCO 3 -P, NO 3 , and NH 4 . A set of soil samples obtained annually from each benchmark soil in each experimental unit is stored for future reference. 3. Dry matter yield: Grain yields are measured with a combine and stover yields by hand sampling a small area in 
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across climatic environments is apparent in these data, collection of data during a long time period (time driving variable) will show the true magnitude and direction of rotation differences and interactions with soils. To date, it appears that increasing cropping intensity, even in the more stressed environments, may be an economically and environmentally sustainable practice.
Soil environments greatly affected grain productivity in all rotations (Table 2) , and the strong interactive effects were mentioned above. Increases in productivity (absolute values) with increased cropping intensity were largest on the toeslopes, the most water-favorable environment in the catena. Surprisingly, the smallest increase due to increased cropping intensity has occurred on the level summit positions. Poorer soil physical conditions on the summit positions (more impermeable subsurface horizons) may be the reason for the smaller yield increases. Intensified cropping appears to be equally or more justifiable on the more sloping and highly eroded soils than on the level upland soils so typical of soils on agricultural experiment stations. These observations are opposite of our initial hypothesis.
Interestingly, increased cropping intensity has increased productivity on all soils in all ET environments. Increased cropping intensity, even in the highest ET environment, has increased grain yields, and the more favorable moisture environment of toeslopes makes their soils more able to take advantage of increased cropping intensity. Mechanistic agroecosystem models using our four driving variables are now being constructed and tuned with this type of data (Metherell, 1992) . Simultaneous economic interpretations are also being made.
Water Use Efficiency
Production per unit water used, WUE, is a diagnostic tool for evaluating cropping systems with a single numeric value because it combines productivity and water use. This value may be calculated for total biomass, vegetative biomass, or grain biomass. Since water is the most limiting factor in this dryland agroecosystem, the grain yield WUE diagnostic is an important and sensitive means of evaluating the combined effects of climate, soil, and cropping system. Water use efficiency in these experiments was calculated by dividing grain production by the sum of soil water depletion from planting to harvest and precipitation during the growing season.
Grain WUE on an annualized basis increased with increased cropping intensity in all ET environments (Fig.  6) . Surprisingly, the response was of the same magnitude regardless of potential ET environment. An interesting anomaly is the high productivity of the WF rotation in the medium-ET environment. The summit and sideslope soils at this site have less root restriction than the same positions in the low-ET environment. Summit soils at the low-ET site have an abrupt B horizon (20-30 cm) with a clay content of 38%, while the sideslope has a root zone depth of ~ 1 m. Summit and sideslope soils at the medium-ET site do not have root restrictions caused by either clay accumulation or shallow profiles. Thus, the generally more favorable climate at the low-ET site is neutralized by the poorer physical conditions of the summit soil. This demonstrates another value of the networked system we are using to study this problem.
To date the experiment is providing interesting and useful insights into the applicability of the intensified rotations in the central Great Plains. It appears that summer fallow frequency can be greatly decreased if water conservation between crops is maximized. The continuance of these experiments for a long period of time is necessary to evaluate the economic stability of a given cropping system. Simulation modeling, using historical weather data and weather data collected in this experiment, can be used to predict system stability with time and the potential effects of future climate changes.
Crop Residue Accumulation
Efficient dryland farming depends on crop residue coyer during noncrop periods to protect the soil against raindrop impact, thus maintaining the maximum possible water infiltration rates and reducing evaporation maximizes retention of the infiltrated water. Furthermore, the mulch provided by the residue slows initial soil drying (Stage I evaporation), allowing small precipitation events to be effective in enhancing soil water storage. Residue accumulation is an excellent diagnostic for these systems because it is in the feedback loop affecting water capture and retention and, in turn, the amount of residue present is in direct proportion to the precipitation capture and retention efficiency.
Positive responses to increased crop intensity as have occurred in total productivity and WUE are no doubt related to effects of the system on crop residue maintenance. Our approach allows us to measure interaction effects of climate and rotation on residue accumulation (Fig. 7) and its potential feedback in water conservation. Increasing cropping intensity from the 2-yr WF to 4-yr WC(S)MF rotation has doubled surface residue levels in the low-ET environment, but in the high-ET environment the increase is about two-thirds. The latter is a valuable increase, but not as dramatic. To date we hypothesize that the higher temperatures and longer growing season in the higher ET environments allow more decomposition and less total accumulation compared with the low-ET environment. Absolute values of residue quantity are obviously related to overall site productivity; highest productivity and residue accumulation occurs in the lowest ET environment.
The most important residue observation to date is that the extended rotations are more likely to keep an adequate residue cover for erosion control during noncrop periods than WF, even when WF is practiced with notill techniques.
Soil Organic Matter
Soil organic matter is lost from soils due to erosion and increased mineralization related to cultivation intensity. We have hypothesized that reducing tillage and increasing crop residue additions by increased cropping intensity should eventually result in increased soil organic matter levels in the surface soil in all climates. Wood et al. (1990 Wood et al. ( , 1991 reported that soil organic C and N contents have already been affected just 4 yr after rotation establishment. The 4-yr rotation has significantly increased soil C in the surface soil. It may be several years before the effects of the 3-yr rotation are visible.
SUMMARY AND CONCLUSIONS
The use of an experimental design including climate, soil, cropping system, and time drivers has allowed us to address questions on a landscape level and to provide a framework for predicting the applicability of the results to areas beyond the specific research sites. Economic analyses are currently in progress.
Our work is focused on water conservation and efficient use, but the principle of our approach is applicable to many other management problems. Gradients may be entirely soil related, such as soil pH and lime needs, soil physical characteristics of various types, or combinations of climates and soils. The critical issue is that experimental sites represent points in a continuum and data gathered at these points can then be quantitatively related. Model development can follow and these models can be used to point out the unknown factors that need to be researched, even at the process level (reductionist level).
Each research site also has been the location of several field days, where the public has had the opportunity to visit and ask questions. The large strips have proven to be very convincing to the farmer vs. smaller plots. Simulation modelers are at work creating mechanistic models that can be tested and tuned with the network field experiment data. We agree with the conclusion of Weiss and Robb (1988) that "modern synthesis of scientific knowledge must be done in a manner that greatly enhances application of research results in the real world."
